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Abstract 
 
 
Diurnal mountain wind systems are thermally driven wind systems produced by the 
buoyancy effects associated with the diurnal cycle of heating and cooling over 
mountainous terrain. This project evaluates the potential of these winds for generation 
of wind energy, analysing the effect of different geometric and climatic parameters on 
the mountainous wind systems, and the considering the performance of wind turbines 
under these conditions. The suitable turbines will often be of small scale due to the 
usually weak nature of these winds. 
 
This project was conceived as an initial approach to a more ambitious research the 
purpose of which is to study the feasibility of installing arrays of wind turbines in dams, 
as a novel alternative to produce renewable energy. This solution, if proven feasible, 
would provide a second, complementary use of the existing infrastructures in dams for 
management and distribution of hydroelectric energy. 
 
The effects of the thermal difference, height, slope angle, heating of the mountain, 
ambient stability and other factors relevant to the features of slope and valley winds 
have been further examined. For this purpose, two theoretical models of slope winds 
and valley winds have been studied and used, which provided estimated values of 
wind speed. These data were then used to compute the wind energy that could be 
potentially produced with several models of turbines. 
 
The results show that valley winds might be used as a new alternative in the 
renewable energy field under specific meteorological and geographical conditions. 
However, if focusing only on the Mediterranean region, in certain areas, the winds 
might not be strong enough to produce significant wind energy in an efficient way.  
 
Valley winds may reach wind speeds up to 7.5 ms-1, using fixed atmospheric 
conditions, similar to those found in the Mediterranean region, producing between 0.2 
and 0.87 MW per year depending on the performance of the different turbines studied 
in this project. 
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Resumen 
 
 
Los sistemas de viento de montaña diurnos son sistemas de vientos producidos por 
procesos térmicos y por el efecto de flotabilidad asociado al ciclo diurno de 
calentamiento y refrigeración sobre terreno montañoso. Este proyecto evalúa el 
potencial de estos sistemas de viento para la generación de energía eólica, 
analizando el efecto de diferentes parámetros geométricos y climáticos en valles y 
sistemas montañosos, y el rendimiento de las turbinas eólicas bajo estas condiciones. 
Las turbinas adecuadas serán de pequeña escala debido a la débil naturaleza de 
estos vientos. 
 
 El proyecto sirve como un estudio previo a una investigación futura en la cual, se 
estudiará la implementación de una red de turbinas eólicas en presas en la zona del 
Mediterráneo, como una nueva alternativa para producir energía renovable. Esta 
solución, si se demuestra posible, proporcionaría un segundo uso complementario de 
la infraestructura existente en presas para la gestión y distribución de energía 
hidroeléctrica. 
 
Se examinarán los efectos de diferencias térmicas, altura de la montaña, ángulo de 
pendiente, calentamiento a lo largo de la montaña, estabilidad ambiental y otros 
factores implicados en vientos de valle y de montaña. Para este propósito, dos 
modelos teóricos de vientos de montaña y de valle han sido estudiados y usados, 
proporcionando estimaciones de datos de velocidad del viento. Con estos datos, se 
calcula la energía eólica que podría potencialmente producida con diferentes modelos 
de turbinas. 
 
Los resultados muestran que los vientos de valle podrían usarse como una nueva 
alternativa en el campo de las energías renovable, bajo unas condiciones 
meteorológicas y geográficas específicas. Sin embargo, si nos centramos en la zona 
del Mediterráneo, en ciertas zonas, los vientos producidos podrían no ser lo 
suficientemente fuertes para producir energía eólica de manera eficiente.  
 
Los vientos de valle pueden alcanzar velocidades de hasta 7.5 ms-1, teniendo en 
cuenta condiciones atmosféricas fijas, similares a las de la región del Mediterráneo, 
produciendo entre 0.23 y 0.87 MW al año dependiendo de la actuación de las turbinas 
estudiadas en este proyecto.  
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 INTRODUCTION 
 
This final degree project (TFG) is a first approach to a further research study 
about the potential of valley winds for generation of wind energy. The initial idea 
is to study the performance of drainage winds generated in mountainous areas 
in the Mediterranean region and see if they could be used for wind energy 
generation building an array of wind turbines in the structure of a dam. This 
project will try to establish the different variables (geometry of valley, shape of 
the dam, water level in the dam) that could influence the wind energy production 
and quantify power production as a function of these parameters. 
 
Numerous studies have identified the Mediterranean region as one of the main 
climate change hotspots, one of the most responsive areas to climate change. 
Most climate models forecast an increase in local average air temperature and 
a general decrease in average rainfall [1] [2]. The impact of climate change on 
the environment is already noticeable in the area, observing the collected data 
in the last decades. Extreme heat-waves and severe droughts are increasingly 
common and they have already produced observable effects of human activity. 
 
These issues in addition to the estimated increase in the region population as 
well as the water consumption and energy, leads to scarcity in water [3] for 
consumption and a wide range of human activities such as agriculture, forestry, 
tourism, industry or energy transportation [4]. Due to this scarcity the water 
availability in dams for hydroelectric energy generation will become limited, as 
water would be saved for human consumption or corps irrigation. Furthermore, 
in the short- and mid-term future, many dams will reach the end of their 
operational life and may have to be decommissioned, being no longer available 
for producing hydroelectric energy [5].  
 
There is an actual dire need for development of green energies in order to slow 
down climate change produced by the emissions of pollutants and green-house 
gasses (GHG) and to reduce the environmental impact by the exploitation of 
fossil fuels. Renewable energies offer the opportunity to meet the energy 
growing demand, in a social and environmental sustainable way, producing 
energy with zero (or almost) emissions. It is expected that wind energy along 
solar and tidal energy will become essential to satisfy the energy demand in the 
Mediterranean region but there is also a need to develop new alternative 
renewable energies.  
 
Wind turbines are usually placed to work under synoptic winds, onshore, in 
large plains or offshore, but recently, the use of wind energy in urban and 
suburban areas, where lower-scale local winds (thermally driven) are 
generated, is on the rise and increasingly being considered. There is a great 
potential for wind energy in mountainous areas of the Mediterranean region [6].  
 
The idea behind the development of this project was born from this background.  
One of the main objectives of this project is to conduct a comprehensive 
research on mountain winds (slope winds and valley winds), which will allow us 
to understand how they are generated and under what circumstances. In 
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addition, several simulations and estimations will be performed to quantify the 
total wind produced, analysing the different parameters affecting the mountain 
winds. This will enable the effectiveness and performance of wind turbines 
extracting wind power and quantify the wind power production in valleys and 
dams under different conditions. Finally, the objective is to draw conclusions 
and see if it is potentially viable. 
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CHAPTER 1. MOUNTAIN WINDS 
 
1.1. Wind Formation 
 
Winds are currents of air that move across the Earth’s surface and develop 
when two adjacent air masses have different pressures. Differences in air 
pressure can result in the movement of air masses from one location to another, 
tending to flow from areas of high air pressure to areas of low air pressure [7].  
 
These pressure differences are caused by the uneven heating of the Earth’s 
surface by the Sun. During daytime and near the Equator the heating is more 
intense, the hot air rises and then flows upper in the atmosphere until falling in 
colder areas, while on the surface, the circulation is in the opposite direction. 
 
Coriolis, frictional and centrifugal forces also affect the movement of air at 
global scale. Coriolis and centrifugal forces tend to make the path of the wind 
diverge to the right/left (in the North/South hemisphere), while the frictional 
forces between the air and the surface of the Earth reduce the wind speed. 
 
 
 
1.2. Diurnal Mountain Winds 
 
Diurnal mountain winds are produced by temperature contrasts that form within 
the mountains or between the mountains and the surrounding plains, due to the 
buoyancy effects associated with the diurnal cycle of heating and cooling of the 
lower atmospheric layers, and are therefore also called thermally driven 
circulations [8].  
 
Diurnal mountain winds are generated by horizontal temperature differences 
that develop daily in complex terrain. The resulting horizontal pressure 
differences cause winds near the surface of the Earth to blow from areas with 
lower temperatures and higher pressures towards areas with higher 
temperatures and lower pressures. The circulations are closed by return flows, 
or by flows higher in the atmosphere. 
 
These winds develop over complex topographies of all scales, ranging from the 
dimensions of small hills to the largest mountain massifs. They are 
characterized by a reversal of wind direction twice per day, closely related with 
the formation and dissipation of temperature inversions. As a rule, winds flow 
up-slope, up-valley, and from the plain to the mountain massif during daytime. 
During night time, they flow down-slope, down-valley and from the mountain 
massif to the plain [8].  
 
They are particularly prevalent in anticyclonic synoptic weather conditions 
where background winds are weak and skies are clear, allowing maximum 
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incoming solar radiation during daytime and maximum outgoing longwave 
emission from the ground during night time. 
 
Depending on many factors, the characteristics of diurnal wind systems would 
vary from place to place. Depth, speed, duration of these winds are heavily 
dependent on terrain configuration and characteristics, for example, surface 
roughness, exposure to insolation, soil moisture would be a few of them. These 
factors may vary substantially according to the season. 
 
1.2.1. The Daily Cycle of Mountain Winds 
 
As diurnal mountain winds are driven by horizontal temperature differences, the 
wind generated is closely related to the thermal structure of the valley or 
mountain, which is characterized by a diurnal cycle. The diurnal cycle can be 
structured in four phases of wind, due to the thermal evolution through the day: 
daytime, night-time and two transition phases. 
 
In the daytime phase, up-slope and up-valley flows prevail. The radiative 
heating of the lower slopes by convection increases after sunrise, allowing the 
warm and less dense air to rise and cold denser air to sink. Convective currents 
rise from the valley floor and sidewalls. The valley atmosphere becomes 
coupled with the atmosphere above the valley and the wind speed increases as 
the convective boundary layer grows to higher altitudes. Winds aloft the valley 
may overpower the diurnal mountain winds if they are stronger. 
 
The daytime phase is followed by an evening transition period, beginning in the 
late afternoon before sunset. The surface energy budget reverses sing, cooling 
the surface by means of a radiative phenomenon. The temperature inversion 
grows from the valley floor, cooling the air higher in the atmosphere. The cold 
air flows down-slope, while winds above the inversion continue flowing up-
valley, until the inversion growth slows and thus the transition period ends. 
 
During night, down-valley winds prevail in the formed temperature inversion. On 
the sidewalls, down-slope winds are also generated. Part of this down-slope 
flow leaves the slope flowing towards the centre of the valley, just below the top 
of the inversion, while the remaining part of the flow continues to the valley 
floor. 
 
The morning transition period begins after sunrise when the incoming solar 
radiation reverses the surface energy budget. The heat is transferred to the air 
and rises up the slopes creating up-slope flows. The transition period ends 
when the pressure gradient of the valley core is completely reversed, beginning 
the daytime phase [9]. 
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1.2.2. Slope Winds 
 
Slope winds are driven by heat exchange at the slope surface, being up-slope 
or down-slope depending on whether the air adjacent to the slope is warmer or 
cooler than the air of the valley at the same level [10]. Up-slope and down-slope 
winds are alternatively called Anabatic and Katabatic winds, respectively. As 
explained in [1.2.1.], both are linked by the evening or morning transition 
phases in which the inversion is removed and the winds undergo a reversal in 
direction. 
 
Slope winds are often overpowered by along-valley flows or even synoptic-scale 
flows in case of mountain-plain winds. They are usually in the range of 1 to 5 m 
s-1, being the stronger up-slope winds at midmorning, and down-slope around 
sunset. 
 
 
1.2.3. Valley Winds 
 
Valley winds are, in the same way, driven by temperature contrasts along the 
valley’s axis. The dynamics of diurnal valley winds results from the combination 
of slope flows and boundary layer processes on and above the valley floor [9]. 
During night, because of the temperature contrast between the top of the 
mountains and the valley basin, down-slope katabatic flows are generated in 
the sidewalls. These air masses would return to the top as a circulation process 
or collide in the valley basin, forming layers of different temperatures, being the 
lower ones cooler than the others above.  
 
Down-valley flows have a characteristic jet wind speed profile, with maximum 
wind speeds about 3-10 m s-1. Valley winds reach the higher wind speeds near 
the mouth of the valley, as winds accelerate with distance down the valley and 
horizontal pressure gradients are stronger near the exit [8]. 
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CHAPTER 2. THEORETICAL MODEL OF SLOPE WINDS 
 
In a first attempt to approach the performances and characteristics of Anabatic 
and Katabatic winds, a theoretical study has been carried out. Scientific studies 
have exposed important practical applications of these winds, from weather 
forecasting in the mountains, to the impact on climatological characterization of 
mountain areas. Now, we are trying to study its potential to generate renewable 
electric power. 
 
 
2.1. Boussinesq Approximation 
 
In order to simplify theoretical calculus in fluid dynamics, a method known as 
Boussinesq approximation is applied to solve non-isothermal flows without 
having to solve the full Navier-Stokes equations. This approximation is very 
accurate and makes mathematics and physics simpler. It states that density 
differences can be neglected except in those terms where density appears 
multiplied by the gravity acceleration (Buoyancy terms, ρg). 
 
Boussinesq flows are used in industry (dense gas dispersion, model liquids), 
building environments (natural ventilation) and are very important in the nature 
for atmospheric fronts, oceanic circulations and prediction of katabatic winds 
[11]. 
 
 
2.2. Variables Involved in Slope Winds 
 
In this section, the different variables used to build the model for the studied 
winds will be explained. Some of them are characteristics of the medium to 
which the model applies, as they are dependent on the atmosphere and the 
considered fluid. 
 
 
2.2.1. Surface Potential Temperature Deficit, θ 
 
Perhaps the most important variable in terms of katabatic flow generation, the 
surface potential temperature deficit, θ, is the temperature contrast between the 
top of the hill and its basin. It is the main factor in determining the maximum 
speed of the generated wind.  
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2.2.2. Slope Angle 
 
The slope angle of the hill or mountain will determine the height at which the 
down-slope speed reaches its peak. Although mountains and valleys may show 
very irregular shapes and significant geographical features, in this study the 
slopes will be considered constant to simplify the model and the calculations. 
 
 
2.2.3. Constant Prandtl Number 
 
Named after German physicist Ludwig Prandtl, the Prandtl number (Pr), is a 
dimensionless number defined by the ratio of momentum diffusivity to thermal 
diffusivity. In other words, it gives information about the type of fluid and 
information about the thickness of the thermal and the hydrodynamic boundary 
layers. This number is given as: 
 
 
 
(2.1) 
 
 
where: v is the momentum diffusivity (kinematic viscosity); σ, thermal diffusivity; 
µ, dynamic viscosity; k, thermal conductivity; cp specific heat at constant 
pressure; and ρ, density.  
Pr can be calculated easily knowing the pressure and temperature. For air its 
value is around 0.7-0.8 for a wide range of pressure and temperature, and 
particularly the range interest to this research. 
 
 
2.2.4. Lapse Rate 
 
The lapse rate, γ, is the rate at which temperature changes with height in 
the Atmosphere. Lapse rates are usually expressed as the temperature gradient 
associated with a specific variation in altitude, such as 6.5ºC per kilometre, 
0.0065ºC per metre.  
 
The lapse rate can also be referred to variables other than temperature, such as 
pressure, humidity or density, and, while usually applied to the Earth’s 
atmosphere, it can be extended to the atmospheres of other planets. 
 
Lapse rate in mountainous regions near the surface might differ from the 
0.0065ºC per metre average approximation made for the Earth’s atmosphere. 
For the analysis a lapse rate of 0.005ºC per metre will be used to extract more 
real results [28]. 
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2.2.5. Buoyancy Frequency 
 
The Buoyancy frequency, N, is the frequency at which a displaced air parcel will 
oscillate when displaced vertically within a statically stable environment. It also 
called Brunt-Väisälä frequency, named after David Brunt and Vilho Väisälä, 
both meteorologists and physicists. In the atmosphere it is given by [12]: 
 
 
(2.2) 
 
 
where: g is the local acceleration of gravity; θva the ambient virtual potential 
temperature; and z the geometric height. 
 
According to the ICAO International Standard Atmosphere (ISA), for an ambient 
stability, the buoyancy frequency is . 
 
 
2.2.6. Constant Eddy Conductivity 
 
The Constant Eddy Conductivity, K, is an exchange coefficient for heat transfer 
by eddies in a turbulent flow. In this theoretical approach a K of 1m2/s will be 
assumed, but can be given as: 
 
 
 
(2.3) 
 
 
where: T is the absolute temperature. 
 
 
2.2.7. Coriolis Parameter 
 
Also known as Coriolis frequency, the Coriolis parameter f is twice the 
component of the Earth’s angular velocity (2π/24h) about the local vertical: 
 
 
 (2.4) 
 
 
where: Ω is the angular speed of the Earth; and  the latitude. 
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2.3. Analytical Model 
 
Since the 19th century diurnal mountain winds have been studied, but it is not 
until late 20th century when theoretical models where developed to predict these 
winds. Many meteorological investigations have presented models for katabatic 
winds developing the analytic approach that Prandtl made in 1942. Prandtl’s 
model was derived by simplifying the set of Reynolds-averaged Navier-Stokes 
(RANS) equations for fluid flow motion, retaining only the key terms and solving 
the simplified set analytically. There are two types of models: hydraulic flow 
models and profile models [9]. 
 
 
2.3.1. Hydraulic and Profile Models 
 
Hydraulic flow models start from the RANS equations, averaging the terms over 
the slope flow depth and focusing on quantities such as the mass and 
momentum fluxes to determine how the velocity and temperature vary with 
distance up or down the slope. There are a few models of this type, such as the 
model that Manins and Sawford developed in 1978 [13].  
 
 
 
 
Fig. 2.1 Comparison of observed (O) and theoretical (T) wind profiles . The 
observed wind profiles are from a slope on the Nordkette near Innsbruck, 
Austria. The theoretical profiles are from the classical Prandtl model 
(1942) [15].  
 
 
CHAPTER 2. Theoretical Model of Slope Winds  11 
 
On the other side, profile models consider local equilibrium in the buoyancy and 
momentum equations and obtain the analytical equations for the velocity and 
temperature profile by neglecting or simplifying some of the terms. Probably the 
best profile for katabatic flow representation is the classical Prandtl model [14]. 
It is a very simple profile model but still a great approximation to real flows; 
namely, it has been validated successfully comparing the predictions it provides 
against observed real wind profiles (Fig. 2.1). In particular, it allows a good 
parametrization of katabatic flows, and this is why it is a suitable tool to study 
the effect of different factors on katabatic flows. 
 
2.3.2. The Extended Prandtl Model 
 
In the last decades, Prandtl’s model has been extended or modified by many 
researchers [16]. In this project, a Prandtl model extended to include Coriolis 
force, developed by Stiperski et al. [17], will be used to analyse and understand 
slope winds. The solutions of the model will enable us to interpret the down-
slope and cross-slope velocity components, U and V respectively, and the 
potential temperature difference, θ0. While the inputs are local characteristics 
such as the constant eddy conductivity, K, the constant lapse rate, γ, the 
constant Prandtl number, Pr, the acceleration of gravity g, a reference 
temperature θref, the Coriolis parameter, f, and perhaps the most important 
ones, the slope angle, α, and the surface potential temperature deficit, θ. Fig.2.2 
shows a schematic view of the katabatic flow in an ideal slope, with some of the 
parameters mentioned above. 
 
The model is an approximation. Probably it is not the best model mathematically 
defined for katabatic winds. Nevertheless, since much of the underlying physics 
is accounted for by the model, it could be used for studying katabatic flows. 
 
 
 
 
Fig 2.2 Schematic view of the katabatic flow in an ideal slope 
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2.3.3. Model Equations 
 
The Prandtl model describes a hydrostatic, one-dimensional Boussinesq flow, 
where eddy thermal diffusivity and turbulent Prandtl number are constants. 
Prandtl’s model is obtained from the following Eq. 2.5-2.7, derived by the 
momentum and thermodynamic equations for the perturbations of potential 
temperature and down-slope and cross-slope components of the wind vector. 
 
 
 
(2.5) 
 
 
 
(2.6) 
 
 
 
(2.7) 
 
 
where the boundary conditions are: 
 
 
 (2.8) 
 
 
 (2.9) 
 
 
Eq. 2.10-2.12 are the set of equations of the Prandtl model once solved. The 
complete model derivation can be found in [18]. 
 
 
 
 
(2.10) 
 
 
 
 
(2.11) 
 
 
(2.12) 
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where: 
 
 
 
(2.13) 
 
 
 
(2.14) 
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CHAPTER 3. VALLEY APLICATION  
 
So far the project has focused on up-slope and down-slope winds, but one of 
the main objectives of the project is to study the potential energy generated in 
valleys. Analogously to diurnal mountain winds, diurnal valley winds are 
thermally driven winds. These winds blow along the axis of the valley with up-
valley flows during daytime and down-valley during night-time (see Fig. 3.1).  
 
 
 
Fig. 3.1 Schematic view of the valley model [20]. 
 
 
It could appear reasonable to extrapolate the theoretical model presented in the 
previous chapter to the valley flows, but it was demonstrated that valley winds 
do not depend primarily on the slope of the valley. In fact, simulations of valley 
winds have proven that up-valley or down-valley winds are also generated even 
in valleys with a horizontal basin [9][19][20]. Valley winds also depend on 
different geometric variables, such as the shape of the valley, variations along 
the valley or in its cross-section. Mainly, the wind is generated by the 
temperature gradient (pressure gradient) along the valley. 
 
Even so, it is quite common that valleys have some slope which may make the 
gradient more remarkable and generate a stronger wind. Other winds like large 
scale thermally driven flows or dynamically driven flows above the valley, 
produced by mesoscale or synoptic processes, could modify or even overpower 
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the valley winds, as they could change the temperature gradient along the 
valley [9]. 
 
Real valleys are very difficult to analyse or simulate as very high spatial 
resolution is needed to reproduce all the small and irregular features of the 
terrain.  
 
3.1. Analytical Model 
 
For this approach, an idealized model, Fig 3.1, will be used. The valley length, 
L, and height, H, will be assumed as constant, while the width of the valley, 
B(x,H) may vary with distance x to the mouth-valley. The model consider as well 
a periodic heating (cooling) along the day, to follow the diurnal cycle as 
explained in Section 1.2.1. The heating introduce flows up-valley/up-slope 
during the day, and down-valley/down-slope at night, with two transition periods 
(in the morning and evening) in which there is an absence of flow due to the 
temperature inversion.  
 
Theoretically, the slope wind layers generated interact with the interior of the 
valley and contribute to the heating (or cooling) of the valley atmosphere, in 
addition to energy provided through the heat flux at the valley floor [20]. 
 
3.2. Variables Involved in Valley Winds 
 
Aside from the already mentioned variables in Section 2.2, this adapted wind 
model also introduces the following variables: the relaxation time, , that 
characterizes the speed of the heat transfer from the slope wind layers to the 
core; the heating, θ*, which will be considered periodic along the day; and the 
height of the valley, H.  
 
 
3.3.  Model’s Equations 
 
A valley model developed by J. Egger [20], will be analysed to understand and 
interpret how does the heating of the valley affect to the wind speed generated 
at the mouth of the valley. This is a hydrostatic model, and again, to simplify the 
theoretical calculus we rely on the Boussinesq approximation.  
 
This model allows us to reproduce and understand the basic features of 
thermally induced flows in valleys.  
 
In Eq. 3.1, the impact of the slope wind layers is represented by the heating, 
and it is assumed that there is no transport of the θv on top of the valley. Eq. 3.2 
is the equation of motion, assuming the hydrostatic assumption in Eq. 3.3. 
Furthermore, Eq. 3.4 is required by continuity. 
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(3.1) 
 
 
(3.2) 
 
 
where: wv is the vertical velocity as induced by slope winds, and  the linearity 
coefficient (non-linear solutions will be analysed, =0). 
 
 
 
(3.3) 
 
 
 
(3.4) 
 
 
 
The periodic heating along the valley is modelled by Eq. 3.5., and Eq. 3.6 and 
3.7 represent the wind speed and potential temperature solutions along the 
valley. 
 
 
 (3.5) 
 
 
 
 (3.6) 
 
 
 
 
 
 
(3.7) 
 
 
  
 (3.8) 
 
 
where: ζ, is the complex spatial decay rate, which is proportional to the wind 
speed; and w, the angular frequency with a 24h period. 
 
The model was further developed later by J.Egger himself, studying valleys with 
tributaries and studying separately the effect of heating and cooling depending 
on the time of day [32][33]. 
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4.1. Wind Power Calculation 
 
The kinetic power of the wind, Pw, can be calculated from the kinetic energy 
(KE) of a mass of air, Eq. 4.1, flowing through a given section per unit time. Pw, 
as deduced from Eq. 4.2-4.4, is highly dependent on the airflow speed (velocity, 
v), mass (density, ρ) and cross-sectional area (A) of the given section. 
 
 
 
(4.1) 
 
 
 
(4.2) 
 
 
 
(4.3) 
 
 
where  is the mass flux rate, that is, the density per volume flux. Thus, Pw is 
proportional to air density, rotor swept area and the cube of velocity:  
 
 
 
(4.4) 
 
 
 (4.5) 
 
 
This power is purely theoretical as all KE cannot be converted in useful energy 
by wind turbines, which usually have efficiencies around 20 or 40%.  
 
 
4.1.1. Power Coefficient 
 
The power Coefficient, Cp, is the ratio between the mechanical power extracted 
from the wind by the turbine (power output, Po) and the wind kinetic power Pw. 
Po can be defined as well as the total momentum multiplied by the rotation 
speed of the turbine. Optimal Cp values are around 0.4. 
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(4.6) 
 
 
where: M is the total momentum and w the rotation speed of the turbine. 
 
4.1.2. Betz Limit 
 
The Betz limit is the maximum power coefficient at which a wind turbine can 
operate. Betz established that wind turbines cannot extract more than 59% of 
the total wind kinetic power. This limit is independent of the number of blades, 
hub-height, incident wind speed, rotational speed and wind variations [21]. 
 
Nevertheless, wind turbines will never reach a 59% efficiency due to losses 
associated with machinery and all other elements involved. Common wind 
turbines reach up to 70-80% of the Betz limit (see Fig. 4.1). 
 
 
 
Fig. 4.1 Typical ranges of the efficiency (power coefficient) for different types of 
wind turbines. 
 
 
4.2. Types of Wind Turbines 
 
Wind turbines can be classified in two basic types according to the way the 
turbine spins. As the name implies, Horizontal Axis Wind Turbines (HAWT) 
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have rotation axis parallel to the ground and the incidence of the wind, while for 
Vertical Axis Wind Turbines (VAWT) the rotation axis is perpendicular. 
 
4.2.1. Horizontal Axis Wind Turbines 
 
Most used turbines are HAWT. Besides their easy adaptation to different power 
outputs and sizes, they are more efficient. Generally, HAWTs are positioned in 
height to increase the wind speed. As the rotation axis is parallel to the air flow, 
HAWTs need an orientation mechanism to align the axis with the wind direction. 
 
 
4.2.1.1. Blades 
 
The most HAWTs have three blades, although there are more types. From an 
aerodynamic point of view the performance increases with the number of 
blades, although it has been proven that for HAWTs with more than three 
blades the performance does not increase much. On the other side, from a 
dynamic point of view, it is fundamental to minimize the rotating masses to 
reduce loads on the structure, as well as to minimize costs. 
 
Turbines with one blade have high rotation speeds and provide 10% less power 
than an equivalent two-bladed turbine. In addition, one-bladed turbines 
introduce highly variable loads on the structure. Two-bladed turbines weight 
less, saving the cost of one blade, but they are not as efficient and balanced as 
turbines with three blades. HAWTs with more than three blades are hardly used 
except for low-power necessities, as they are more efficient. 
 
Multi-blade turbines are devices with a high number of blades covering much of 
the area used to produce energy. They need high wind power to start working 
and they are not highly suitable for power generation. 
 
 
4.2.1.2. Orientation of the Turbine 
 
Depending on the orientation of the rotor, HAWT can be either upwind or 
downwind. In upwind HAWTs, the rotor is facing to the wind, avoiding the tower 
as an obstacle to acquire the potential wind. However, these turbines need an 
orientation mechanism or system to keep the rotor facing the wind. Big turbines 
normally use a yaw drive and motor to turn the nacelle, while small turbines use 
a vane or rudder tail. 
 
Downwind HAWTs are less efficient than upwind HAWTs because the wind hits 
the tower before the rotor and therefore the flow arriving into the rotor is not so 
clean. Anyway, these turbines do not need an orientation mechanism as they 
are orientated by the nacelle and blades automatically. 
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4.2.1.3. Advantages of Horizontal Axis Wind Turbines 
 
There are a few interesting advantages of HAWTs: they can generate higher 
power as they are placed in high towers (particularly, every 10 more metres 
from the ground, the wind speed increases about 20%, which can be used to 
increase power up to 73%). 
 
Also the pitch of the blades can be adjusted according to the wind, allowing the 
turbine to be more efficient and work under optimal rotational speed and 
generate the maximum amount of electricity, at any given wind speed. 
 
 
4.2.2. Vertical Axis Wind Turbines 
   
As its rotation axis is perpendicular to the incidence wind, VAWTs work under 
omnidirectional wind without the need of an orientation systems. They are 
structurally simpler but less efficient and they may have significant vibration 
problems. Nevertheless, their star-up/cut-in speed (minimum wind speed to 
start rotating/generating electric power) is lower and they withstand better gusts 
and strong winds. The most relevant VAWTs are introduced below. 
 
 
4.2.2.1. Savonius Wind Turbines 
 
The Savonius turbine is a VAWT model invented in the early 20th century by the 
Finnish Engineer S.J. Savonius. It is a very simple model where two half-
cylinders are mounted on a vertical shaft in shape of an S (see Fig 4.2.) [22]. It 
is a drag-type VAWT, and it operates by cupping and dragging the wind causing 
the rotor to turn and generate electric power. The Darrieus-type VAWTs and 
HAWTs, based on lift to spin the rotor, are more efficient than Savonius 
turbines, based on drag. Due to this, they are not able to rotate faster than the 
incident wind, making them inefficient. But even so, Savonius turbines are 
extremely quiet, relatively small, easy to build and effective for small-scale 
power generation.  
 
 
Fig. 4.2 Schematic view of a Savonius wind turbine 
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4.2.2.2. Darrieus Wind Turbines 
 
Unlike the Savonius, Darrieus turbines are lift-type VAWTs, and were invented 
a couple of years later by the American Engineer G. Darrieus. These turbines 
are characterized by two or three thin and corrugated vanes united in both ends 
of the rotation axis. Their performance and rotational speeds are quite similar to 
common HAWTs, but they are smaller in size and, if the generator is located on 
the ground, they can be less expensive. Their main drawback is the need of a 
power supply unit to start rotating (for example an electric network or a 
combined Savonius wind turbine).  
 
There are different kinds of Darrieus rotors (see Fig.4.3): the conventional 
Darrieus rotor, the Darrieus rotor H, with the possibility of adjusting the blade 
pitch angle, and the Darrieus Helical or Gorlov rotor, which does not need a 
power supply and starts working autonomously [23].  
 
 
 
 
Fig.4.3 From left to right: conventional Darrieus rotor, Darrieus rotor H and 
Gorlov rotor 
 
 
4.3. Selection of Wind Turbines 
 
For this research, a few commercial wind turbines have been chosen to study 
their performance and the potential power they could generate from mountain 
and valley winds if installed in a reference valley. Five small HAWTs have been 
selected mainly because their start-up and cut-in wind speeds are relatively low, 
which is necessary as katabatic winds are weak(as will be shown later on) , and 
because they are quite small so they can be placed in narrow valleys and with 
less environmental impact. The five turbines selected are the HP-600W, IT-PE-
100, SP-500, B600 and Bee800. Their technical data and specifications are 
summarized in Table 4.1. 
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Table 4.1. Summary of the technical data of the wind turbines considered in this 
study 
 
Model HP-600W IT-PE-100 SP-500 Bornay 600 Bee 800 
Rated 
output 
power 
600 W 100 W 500 W 600 W 800W 
Rated 
wind 
speed 
12 m s-1 6.5 m s-1 6.5 m s-1 11 m s-1 12 m s-1 
Max. wind 
speed 
25 m s-1 12 m s-1 12 m s-1 20 m s-1 20 m s-1 
Start-up 
wind 
speed 
3 m s-1 3 m s-1 3 m s-1 3.5 m s-1 3.5 m s-1 
Cut-in 
wind 
speed 
3.5 m s-1 3.5 m s-1 3.5 m s-1 3.5 m s-1 3.5 m s-1 
Rated 
rotation 
speed 
810 rpm 420 rpm 300 rpm 1000 rpm 500 rpm 
No. of 
blades 
3 3 3 2 5 
Rotor 
diameter 
1.5 m 1.7 m 3 m 2 m 1.75 m 
Blade 
span 
0.68 m 0.7 m - - - 
Hub-
height 
8-10 m 8-10 m 8-10 m 8-14 m 8-14 m 
Blade 
material 
Nylon & 
glass fibre 
reinforced 
polymer 
(GFRP) 
Resin & 
GFRP 
Resin & 
GFRP 
GFRP / 
carbon fiber 
Nylon 
Injection 
Generator 
3 phases 
PM with 
neodymium 
magnets 
3 phases PM 
with 
ferrite/neody
mium 
magnets 
3 phases PM 
with 
ferrite/neody
mium 
magnets 
3 phases 
PM with 
ferrite 
magnets 
3 phases 
PM with 
neodymiu
m magnets 
 
 
The HP-600W (see Fig. 4.4) turbine is a HAWT developed by Hopeful Energy 
[24]. It is an upwind three-bladed turbine very light, compact and smaller than 
most low-speed and small turbines. The HP-600W has been selected mainly 
because its low start-up wind speed and its range of wind speed usability. The 
blades are made of nylon and GFRP, and the rest of the turbine is made of a 
high strength, corrosion resisting aluminium alloy. In addition, the turbine is 
resistant to strong winds, water, high salt fog, dust and sand.  
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Fig. 4.4 HP-600W (left) and IT-PE-100 (right) wind turbines 
 
 
The IT-PE-100 (see Fig. 4.4) and the SP-500 are also three-bladed HAWTs and 
both were developed by Practical Action-Intermediate Technology Development 
Group (ITDG) [25]. They are suitable to produce electricity from a wide wind 
speed range, from soft breezes to relatively strong winds.  
 
They were designed following specific technological criteria, to make them 
suitable to provide access to electricity to communities in rural or remote areas 
in developing countries. It was important to develop a robust, low-cost, long 
operational life wind turbine, easy to maintain, reliable and, above all, using 
minimum imported materials and components to be produced by the local 
communities or enterprises [26]. 
 
In addition to these three low-cost turbines, two other commercial small wind 
turbines will be considered in the study, the Bornay 600 and the Bee-800 (see 
Fig.4.5), both developed by Bornay, a low-power wind turbines manufacturer. 
They were selected for their overall sturdiness, low maintenance necessary and 
long operational life. Bornay suggest combining its turbines with solar panels to 
enhance the power output obtained, but this project will only focus on their wind 
power performance.  
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Fig. 4.5 Bornay 600 (left) and Bee 800 (right) wind turbines 
 
 
CHAPTER 5. Results  27 
CHAPTER 5. RESULTS 
 
5.1. Theoretical Results of the Slope Wind Model 
 
Fig. 5.1, 5.2, 5.4 and 5.5 show the results for the potential temperature and 
down-slope and cross-slope components of wind speed for several cases: 
varying slope angle and temperature differences. To obtain these results an 
ambient stability and realistic values of pressure and temperature have been 
assumed (γ=5e-3; Pr=0.717; K=1; N2=1e-4; f=1.1e-4). 
 
As seen in the figures, the boundary conditions for the wind components are 
met, but it is not the case for the potential temperature. Although the boundary 
condition of the potential temperature at infinite height should be zero, it is not 
so in the model [17]. However, it is a great approximation, and because much of 
the underlying physics is contained in the model, it could be used to study and 
predict katabatic flows. 
 
To see the influence of the various parameters on katabatic flows, a parametric 
study will be conducted by means of which we will compare the results obtained 
for the potential temperature deficit and the down-slope and cross-slope 
components of the wind speed, when varying the value of a given variable, 
while keeping the others constants. This will allow us extracting conclusions on 
where and under what conditions katabatic flows are better for wind energy 
generation. 
 
 
5.1.1. Katabatic Speed Profile as a Function of Slope Angle 
 
In this section, results for the potential temperature deficit and the down-slope 
and cross-slope components of wind speed will be compared when varying only 
the slope angle of the mountain.  
 
Fig. 5.1 represents the results in two cases: one with a slight slope of 5º and 
one with a much stepper slope of 45º. As it can be seen, the down-slope 
component in both cases achieves the same maximum wind speed, Umax, but at 
a different height. 
 
The cross-slope component is represented negatively in the figures for better 
interpretation. In reality though, it is produced on the y axis, perpendicular to 
both axis represented in the figures. 
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Fig. 5.1 Potential temperature deficit and down-slope and cross-slope 
components of wind speed for two katabatic flows with the same temperature 
deficit (-8ºC) but different slope angle: 5º and 45º (left and right respectively). 
 
 
The maximum value of the down-slope wind speed component Umax, as 
observed, does not vary with the slope angle, but this angle is fundamental in 
determining the shape of the down-slope wind profile, and, particularly, the 
height at which Umax is achieved. This is the height at which the wind turbine 
should be placed to obtain the maximum wind power production, for a given 
value of the temperature potential deficit. It can also be seen that the cross-
slope component of wind decreases as the slope angle increases. 
 
For a given value of the surface temperature potential deficit, according to this 
model, the steeper the slope, the lower the height at which the maximum wind 
speed is reached. This is reflected in Fig. 5.3. While keeping constant the 
remaining variables that could have effect on slope winds, using this model a 
direct relation between the slope angle and the height for Umax is observed, 
appearing similar to an inverse exponential shaped function. 
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Fig.5.2 Potential temperature deficit and down-slope and cross-slope 
components of the wind speed for katabatic flows with the same temperature 
deficit (-8ºC) but different slope angle: 10º (black), 15º (blue), 25º (red) and 45º 
(green). 
 
Fig.5.3 Height for Umax vs. mountain slope angle, for any given value of the 
surface potential deficit. 
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5.1.2. Katabatic Speed Profile as a Function of Surface 
Temperature Potential Deficit 
 
The same analysis as in the previous section is done, but instead of varying the 
slope angle, we now vary the surface temperature potential deficit, θ.  
 
As can be seen in Fig. 5.4, θ is the main factor affecting the intensity of the 
generated wind speed. The temperature difference between the top and basin 
of the mountain determines the value of Umax, without affecting the height at 
which this Umax occurs, which depends only on the slope. 
 
 
 
 
Fig.5.4 Potential temperature deficit and down-slope and cross-slope 
components of wind speed for two katabatic flows with the same slope angle 
(15º) but different temperature deficit: -8ºC and -12ºC (left and right 
respectively). 
 
 
Moreover, if Eq. 2.10 from the analytical model is observed, it can be concluded 
that Umax is directly proportional to θ. Therefore, if one night the temperature 
difference is 5ºC and another night 10ºC, the wind speed generated down-slope 
will be doubled, and the kinetic power of the wind would be 8 times larger. The 
cross-slope wind is also directly proportional, as can be seen in Fig.5.5. 
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Fig. 5.5 Potential temperature deficit and down-slope and cross-slope 
components of wind speed for katabatic flows with the same slope angle (15º) 
but with different temperature deficit: -3ºC (black), -6ºC (blue), -9ºC (red) and -
12ºC (green). 
 
 
5.1.3. Wind Production as a Function of Tower Height. 
 
When a wind turbine is placed in a slope or mountain, it is necessary to 
consider various factors to reach the maximum possible output power. One of 
them is the hub-height, that is, the height of the hub of the wind turbine rotor. In 
Section 4.1.3, it was shown that, depending on the slope angle, the Umax 
appears at different heights (see Table 5.1). The turbine tower should have that 
height in order to get the maximum power possible, but this is not always 
possible. The wind turbines selected are small wind turbines with usual hub-
heights of 8-10m, and although the hub-height can be extended, it is difficult to 
install and maintain a small turbine at 30m above ground, and the cost rises as 
well.  
 
As seen in Eq. 3.4 the power output is proportional to the cube of the wind 
speed passing through the wind turbine. If the optimal height is not considered, 
and the turbine is placed a few metres above or below the turbine would 
generate less power. These losses vary with the slope angle as the wind speed 
profile changes. 
 
According to Table 5.1, mountains with a slope angle smaller than 10º produce 
the Umax above 30m and small wind turbines cannot be installed at those 
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heights. Installing them in lower heights will affect considerably their wind power 
production. As shown in Fig. 5.6, situating the turbine 20 m above the ground 
would imply for example, to extract just the 23% of the potential power output 
for 2º slopes, or the 58% for 6º slopes. 
 
 
 
 
Fig. 5.6 Efficiency as a function of the Hub-height for different slope angles 
(from 1 to 90º) 
 
 
In certain cases, where the slope angle is higher than 10º, it is easier to obtain 
an optimal power production with small turbines, as the Umax height is lower and 
thus it would not be necessary to extend much the usual turbine hub-height. In 
addition, the turbine should not be placed very high, as it will also affect its 
efficiency. Using the above example, situating the turbine 20 m above the 
ground would imply to extract just 61% for 65º slopes, or 78% for 45º slopes 
(see 5.6). 
 
 
Nevertheless, one of the ideas of the project was to study the implementation of 
wind turbines on the top of a dam. Assuming that we have a long slope not very 
steep next to the dam, a high tower hub-height would be needed, but the height 
of the turbine will also be dependent on the water level in the dam. So the final 
height of the turbine will be the sum of the tower hub-height and the difference 
in height between the top of the dam and the water level, which may vary 
substantially along the year. 
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5.1.4. Wind Production using the wind turbines selected. 
 
Using the power curves of the wind turbines selected in Section 4.3, (see Fig. 
5.7 and Appendix B), the final wind power production is estimated for each 
turbine. As the wind speed generated is directly related with θ, as explained 
before, Po will be as well related with the temperature difference. Fig. 5.8 shows 
the power results for the different wind turbines studied as a function of the 
temperature deficit between the top and the lower point of the slope. 
 
 
 
Fig. 5.7 Power curves of the different wind turbines selected 
 
 
Looking again at the model presented in Section 2.3.3 and fixed ambient 
conditions, to reach the cut-in speed of the turbine and start generating power 
output, it is necessary at least a θ of 5.5ºC. Wind turbines will not generate 
power with a lower θ, as shown in Fig. 5.8. The Bee 800, Bornay 600 and SP-
500, due to their design power curve, produce a higher power output.  
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Fig. 5.8 Po as a function of θ 
 
 
5.2. Theoretical Results of the Valley Model 
 
From the valley model adopted, the wind along-valley and the potential 
temperature are obtained as a function of distance x. Assuming a periodic 
heating, Eq. 3.5, and an angular frequency, w, with a 24h period, the computed 
results are shown in Fig 5.9 and Fig. 5.10. Particularly, Fig 5.9 shows the wind 
generated along the valley axis at different hours of the day. This model follows 
the diurnal cycle (Section 1.2.1), so the greater wind speed is generated near 
noon and midnight (2:30 p.m. and 2:30 a.m.). Thus, wind is not produced during 
the transition periods in the morning and evening (8:30 a.m. and 8:30 p.m.), as 
shown in Fig. 5.11. Fig 5.10 represents the potential temperature variation 
along the valley axis, being θv=0 at the mouth of the valley (x=0), where there is 
no temperature difference with the surrounding plain. 
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Fig. 5.9 Wind speed along the valley axis, with periodic heating; H=1000; =3h; 
θ*=2K. 
 
 
The wind speed decays like an exp(-2x/Λ) with distance from the mouth (x=0), 
being Λ= HN the length scale of the valley. In addition, the wind speed is 
proportional to the complex spatial decay rate, ζ, as wind should be strongest 
under near neutral conditions [20]. By reducing the relaxation time or the 
buoyancy frequency, the response decay with x is more rapid. The wind, as 
observed, is stronger in the mouth valley. This is because of the slope wind 
layers contributing along the valley, from the head to the mouth. There exists a 
symmetry between day and night as we consider a linear model ( =0). 
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Fig 5.10 Variation of the potential temperature along the valley axis. 
 
  
 
 
Fig. 5.11 Wind speed generated in the valley mouth along the day.  
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5.2.1. Wind along the Valley as a Function of Heating 
 
In the same way that the speed of the generated slope wind was proportional to 
the temperature difference, the speed of valley winds is proportional to the 
heating, as can be deduced from Eq. 3.6. No information has been found in the 
literature quantifying the heat flux in valleys, but we will assume a heating 
between 0 and 3ºC, at 2:30 Local Time (LT), producing no wind with a null 
heating. Fig. 5.12 represents the wind speed in the mouth valley for different 
heating values. 
 
As shown in Fig. 5.10 and Fig.5.12, the maximum wind speed along the valley 
is generated at the mouth of the valley, so the array of turbines should be 
implemented near the entrance of the valley. 
 
 
 
Fig. 5.12 Wind speed along the valley axis for different heating values at 2:30 
Local Time. 
 
 
5.2.2. Wind Production using the wind turbines selected. 
 
Analogously to Section 5.1.4, in which the wind production for slope winds was 
computed, the valley wind production is computed. Using the turbine power 
curves (Fig.5.7 and Appendix B), the power production is estimated as a 
function of the heating. The maximum power output will be produced when the 
heating (or cooling) of the valley reaches its maximum values as well, at 2:30 
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a.m. and 2:30 p.m., as explained before. Which is quite interesting, as near 2:30 
a.m. there is no solar power available, and near 2:30 p.m. is maybe when 
power is more needed in a house or institution (for cooking, cleaning, TV or 
other entertainments).  
 
 
These maximum values produced are represented in Fig. 5.13, but it is 
important to compute the power output evolution along the day, due to the 
periodic heating assumption. Fig. 5.14 represents the power results along the 
day for the different turbines. 
 
 
 
 
Fig. 5.13 Power production in the mouth of the valley (x=0) as function of the 
heating of the valley; t=2.5. 
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Fig 5.14 Evolution of the wind speed computed at the mouth of the valley (x=0) 
along the day, and the power output of the turbines generated under that wind 
speed. 
 
5.3. Turbine Amortization  
 
When analyzing the implementation of wind turbines it is necessary to calculate 
the costs, the necessary investment and when the investment is recovered. The 
results for the different turbines used throughout this study are calculated 
below. To that end, it is indispensable to know: the price of electrical energy and 
its future development (if possible), the wind estimates in the implementation 
area, the price of the turbine and all the expenditures required to install, 
maintain and operate the turbines.  
 
The price of electrical energy in Spain is currently 0.1245€/kWhr, while the 
European average stands at 0.1503€/kWhr (second semester 2016) [30]. As it 
is expected to increase in the next years, in this analysis, an increase of 2.5% 
per year will be assumed [31]. However, it is quite complicated to estimate the 
future evolution of the electrical energy price; it might just fluctuate or even rise 
much faster due to the future oil shortage and water scarcity for hydroelectric 
energy generation. 
 
In addition, a 10% of the turbine price will be considered for the operation and 
maintenance expenses. The maintenance is necessary to ensure an ideal 
performance of the system, to increase the turbine components lifespan, and as 
a result, avoiding future breakdowns.  
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The components of a wind turbine are typically designed to remain operational 
for 20-25 years. This would mean that, in 20-25 years the amortization of the 
entire investment should be achieved.  
 
 
5.3.1.  Turbine Amortization for Slope Winds  
 
The results obtained for slope winds in Section 5.1 were steady wind 
estimations considering a given θ and slope angle, that is, they did not consider 
a periodic heating of the slope as it was considered in the valley wind model. To 
obtain a more accurate approximation of the amortization of the wind turbines, 
we will consider a periodic heating in the slope as well. In the Mediterranean 
region, researches have proven that θ ranges between 2 and 12ºC in 
mountainous areas (Pyrenees) [27]. In addition, data sources reveal lapse rates 
between 3.9 and 5.2ºC km-1 in mountainous terrains, substantially smaller that 
the often assumed 6.5ºC km-1 (namely, in the ISA) [28].  
 
From the power production during 24h (see Fig. 5.14) and the savings in one 
year are computed based on the mentioned electrical energy prices. With this, 
and assuming the increment of the price of energy and the turbine 
maintenance, the amortization is calculated. Table 5.3 shows the results in 
years, using the periodic heating with a peak θ of 8ºC (an optimistic average 
value). It shows the amortization with (1) and without (2) the maintenance 
expenses.  
 
The SP-500 wind turbine remains under development, so its price is estimated 
taking account it should be more expensive than the other ITDG turbine (IT-PE-
100). 
 
 
Table 5.3 Price of the different wind turbines studied and amortization for slope 
winds. Amortization 1 is computed with maintenance expenses and 
Amortization 2 without them. 
 
 
 
 Price [€] 
Production 
[MW/year] 
Amortization 1 
[years] 
Amortization 2 
[years] 
HP-600W 1250 0.090 72 55 
IT-PE-100 300 0.122 20 17 
SP-500 500 0.416 12 11 
Bornay 600 2650 0.290 58 43 
Bee 800 3650 0.532 48 38 
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Fig 5.14 Evolution of the temperature difference along the day, and the power 
output of the turbines generated under that temperature difference. 
 
 
 
5.3.2. Turbine Amortization for Valley Winds  
 
If the wind turbines are planned to be built in the mouth of a valley instead in the 
slope of a mountain, the amortization is computed in a similar manner, using the 
results in Section 5.2. The periodic heating is already considered in the model, 
so as we have done before we compute the power generated in 24h (see Fig. 
5.13), with this we obtain the savings produced in one year and thus the 
amortization. A heating of 2K will be considered as an average for the year. 
 
 
Table 5.4 Price of the different wind turbines studied and amortizations for 
valley winds. Amortization 1 is computed with maintenance expenses and 
Amortization 2 without them. 
 Price [€] 
Production 
[MW/year] 
Amortization 1 
[years] 
Amortization 2 
[years] 
HP-600W 1250 0.225 39 31 
IT-PE-100 300 0.248 10 9 
SP-500 500 0.722 6 6 
Bornay 600 2650 0.530 36 29 
Bee 800 3650 0.870 31 26 
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The aim of this project was to analyse the potential of valley winds for 
generation of wind energy. Following an extensive search of literature and 
scientific articles on mountain winds, two analytical models have been studied 
to understand how slope and valley winds are generated. Subsequently, the 
effect of different variables modelling mountain winds have been studied in 
order to determine the best place to implement the array of turbines and 
quantify the energy generated based on their performance. 
 
This project was conceived to analyse the potential of katabatic and valley 
winds using different procedures. The main idea was to gather real wind data 
from valleys and dams in the Mediterranean region, to develop an analytical 
model of the fluid problem, to perform a CFD (Computational Fluid Dynamics) 
study and experimental tests in a wind tunnel, and finally analyse the results 
and draw the relevant conclusions.  
 
With regard to the wind data gathering, information from several weather 
stations of the AEMET (Spanish National Meteorological Agency), MeteoCat 
(Catalan Weather Service) and CHEbro (Ebro Hydrographical Confederation), 
was collected, but no wind data measurement could be found in the axis of a 
valley or in the top of a dam. 
 
The CFD study was part of an on-going project made by another student. 
Unfortunately, he was delayed, so we could not have compared results from 
both methods. CFD simulations may produce useful results to see if the 
analytical study is well-considered, and simulate more complex terrain and even 
high-resolution topographic maps from real valleys. This would allow us to study 
specific valleys in the Mediterranean region instead of making an overall 
approach with idealized models and local conditions. 
 
Outside this project the experimental test will be made as well. As has come to 
light in different researches, experimental results are quite difficult to perform. It 
is complicated to generate katabatic and valley winds, as it is complicated to 
generate a stratified atmosphere with the means available in the laboratory. 
Other facilities could be used to perform the tests and other parts of the project, 
not the generation, could be tested with the actual available equipment.  
 
 Maybe it was too ambitious to try to make all these approaches with two TFGs, 
being the first time analysing this problem. Nevertheless, is intended to be 
continued with more material, economic and human resources as some 
institutions and enterprises have expressed interest in the project.  
 
From a merely conceptual point of view, slope winds have proved to have a 
great potential for generation of wind energy. Moreover, as they are produced 
by slow and complex processes, slope winds are steady winds, both during 
daytime and night-time (reversed in direction), with the only exceptions of the 
evening and morning transitions. This is an interesting feature for the energy 
market. 
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Slope winds are more relevant and important in the Antarctic region where there 
are downslope distances of hundreds of kilometres and surfaces with less 
roughness and friction, as they are often snowy or icy, or without tall vegetation. 
This orography can produce winds of speeds up to 20ms-1 that can last for days 
[32]. In the Mediterranean region, on the other side, these winds are less 
predominant as the downslope distances are shorter and the temperature 
difference between layers is smaller. In the Pyrenees, temperature differences 
between the bottom and the top have been shown to range between 2 and 
12ºC, which can produce winds of speeds up to 7ms-1 [27]. 
 
Therefore, if we just focus on the results of this research, obtained using the 
conditions and characteristics of the Mediterranean region, slope winds might 
seem not to be strong enough to produce power in an effective way. 
Fundamentally, the speed of slope winds is correlated with the temperature 
difference, so the wind speed will be highly dependent on the meteorology and 
geographic features. In order to generate power in an optimum way, the slope 
angle and the ideal tower hub-height should be examined closely, as both are 
dependent as well. Assuming the turbine is placed on the top of a dam, the 
tower hub-height would not be constant, as the water level may vary, and thus 
the turbine may not be producing the maximum power possible in many 
situations. Anyway, the tower hub-height could be controlled in height knowing 
the water level, but this solution would also increase the necessary investment 
and complexity of the involved mechanisms.  
 
Looking at the amortization study results, considering optimistic values with 
peaks of 8ºC difference (considering periodicity as well) as an average for a 
year, the wind turbines studied do not produced more than 0.5 MW per year, 
with amortization times of more than 20 years, for most of the turbines, almost 
the lifespan of the components of the wind turbines, in the best case scenario. 
Only the SP-500 could be implemented, as it would be amortised in 12 years, 
but it remains under development and its price is estimated. As frictional forces 
(due to the terrain roughness), pressure losses (due to the irregular 
topography), or synoptic processes which might overpower slope winds, are not 
taken into account in this study, the results might vary substantially. So a further 
analysis of a particular case should be made to establish the real potential and 
feasibility of using katabatic winds to produce wind energy. 
 
On the other side, we have the valley winds, which may develop slightly higher 
wind speeds than slope winds, as studied theoretically. The wind and heat 
fluxes developed along the slopes of the valley produce wind fluxes in the valley 
axis, which ultimately conclude in the valley mouth. The results have shown an 
increase in wind speed compared to slope winds, so valley winds should be 
studied further. Considering objective values, the results show that two turbines 
could be used to conform an array of wind turbines and amortise the investment 
in 10 years, if using the IT-PE-100, and 6 years, if using the SP-500, providing 
0.248 and 0.722 MW per year. 
 
This project provides an overview of the problem. The main goals have been 
roughly achieved. As an initial approach, the project paves the way for further 
CONCLUSIONS   45 
 
research, studying valley winds for wind energy production, and focusing more 
in the geometrical features of the valley, as the maximum production will be 
achieved in the valley mouth, more than in the top of dams.  
 
 
Future work: 
 
As briefly said before, in order to obtain more accurate results, it would be 
necessary to obtain real measurements of valley winds and temperature 
deficits, and compare them with the results of the ideal valley model used in this 
project. An in-depth CFD study, using high-resolution real topographic maps, 
would also be a great method to obtain important results, which should then be 
compared them with the real measured data. From my point of view, 
experimental tests should not be considered for now, until financial or material 
means are obtained, as it would be more convenient a water tank with precise 
heaters than a wind tunnel.  
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APPENDIX A. List of Symbols 
 
cp 
f 
g 
k 
m 
 
r 
uv 
w 
x 
y 
z 
A 
B 
Cp 
K 
KE 
H 
M 
N 
Pr 
Po 
Pw 
Q 
U 
V 
α 
σ 
ρ 
 
Ω 
φ 
γ 
v 
µ 
 
ζ 
Λ 
θ  
θv 
θ* 
θ0 
θref 
θva 
specific heat 
Coriolis parameter 
gravity 
thermal conductivity 
mass 
mass flux rate 
rotor radio 
along-valley velocity 
rotation speed 
along valley/slope component 
cross valley/slope component 
vertical component 
rotor swept area 
valley width 
power coefficient 
constant eddy conductivity 
kinetic energy 
valley height 
total momentum 
buoyancy frequency 
Prandtl number 
power output 
wind power 
heat 
along valley/slope wind component 
cross valley/slope wind component 
slope angle 
thermal diffusivity 
density 
linearity coefficient 
angular speed 
latitude 
lapse rate 
momentum diffusivity 
dynamic viscosity 
relaxation time 
complex spatial decay rate 
length scale 
surface potential temperature deficit 
potential temperature in valley 
heating 
potential temperature difference 
temperature reference 
ambient virtual potential temperature 
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